The sublimation enthalpies (∆ sub H) of four highly energetic materials (HEMs): triacetone triperoxide (TATP), 2,4-dinitrotoluene (DNT), 2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitrohexahydro-s-triazine (RDX) deposited on stainless steel (SS) substrates were determined by optical fibre c oupled-grazing a ngle p robe ( GAP) F TIR s pectroscopy a nd thermogravimetric analysis (TGA) for bulk crystaline HEMs samples. The desorption energy (∆ des U) of RDX on SS was also studied using grazing angle FTIR microscopy. Metastable phases of 2,4-DNT and TNT were observed when deposited on SS, and their ∆ sub H values were obtained by GAP measurements and compared with those for the crystalline phases. ∆ sub H for the α phase RDX was also determined by TGA measurements. A layer of crystalline β phase RDX was observed on SS, and it's ∆ sub H was determinate by GAP. PLS calibration curves for the surface concentrations of RDX on SS were generated using GAP to determinate the surface concentration with time at different temperatures. 12 15 development of samples and standards for trace detection systems[1-12]. Aside from adhesion 16 considerations, the residence time mainly depends on the vapor pressure of the compound and 17 surface-HEM interactions. The vapor pressure of a HEM and its interaction with any given surface 18 can be characterized in terms of the desorption energy and the sublimation enthalpy. The desorption 19 energy (∆ des U) can be defined as the change in energy when a substance adsorbed on a surface is 20 desorbed. The desorption of an adsorbed molecule is an elemental surface kinetics process and is 21 a measure of the strength of the interaction between the surface and the adsorbed species[13]. The 22 enthalpy of sublimation (∆ sub H) is the energy change when a compound changes from the solid phase 23
Introduction
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The residence time of a highly energetic material (HEM) on a surface can be defined as the 14 time that the material persists on the surface after its deposition. The concept is essential for the 3 of 21 contact with an aluminum block equipped with a temperature controlled water bath. Samples were 74 placed on SS plates on top of this surface. The experimental setup is illustrated in Fig.1 . The MIR beam was reflected in an elliptical shape from the metal surface. The size of the ellipse 76 along the major axis was ≈16 cm and along the minor axis was ≈3 cm. The beam intensity pattern on 77 the surface was well described by a Gaussian distribution. The behavior of the relative intensity (I r ) 78 was measured and can be fitted as: 79 I r = exp[−(0.10 ± 0.01)x 2 − (3.3 ± 0.2)y 2 ]
(1)
Rewriting 
This expression describes an ellipse with the major axis measuring 3.4 cm and the minor axis 81 measuring 0.6 cm. These values for the axes represent an ellipse that contains 63.2 % of the infrared 82 beam [27] . For 99% reflection of the MIR light on the surface, the ellipse had dimensions of 6.8 cm on 83 the major axis and 1.2 cm on the minor axis Infrared microscopy in the MIR region was also used to 84 characterize the samples. A Bruker Optics model, IFS 66v/S spectrometer, coupled to a Hyperion II IR 85 microscope equipped with GAO was used. A computer-controlled motorized stage, a cryocooled MCT 86 detector and a potassium bromide (KBr) beam splitter allowed sampling of areas with dimensions of
where n is the surface desorption rate order. It is assumed that all adsorbed molecules occupy 146 identical sites on the surface and that they do not interact with each other. In TPM, there are two 147 possible regimes of data acquisition: flash desorption and adiabatic (slow) desorption. Slow desorption 148 is commonly used for TPM by TDS. Here the vapor pressure (p) is proportional to r des , and the heating 149 rate (β h = dT/dt) used must be linear. Then, Eq.5 is transformed into Eq.6:
The desorption rate divided by the heating rate (r des /β h ) increases at the beginning of the 151 temperature ramp on sample heating but decreases at the end of the temperature program because the 152 adsorbate coverage is spent. The vapor pressure depends on T and has a maximum value at Tmax that 153 is related to ∆ des U, to the desorption rate order (n), and k • . In the case of first-order kinetics,[35] Eq.6 154 is derived and set equal to zero to find the maximum:
To measure Cs with time and temperature, GAO measurements using polarised MIR light were 156 used. IR reflectance spectra were measured at different β sub h and initial surface loadings (Cs • ). The 157 relationship between Cs, density (ρ), and thickness (d) is shown in Eq.8, and the relationship between 158 ∆R/R • (where R is the reflectance, ∆R is R • -R, and R• is the baseline reflectance) and d is given
where R s is the reflectance with the component of the electric field vector E s oriented perpendicular 162 to the plane of incidence, R p is the component of the electric field vector E p oriented parallel to the 163 plane of incidence, ν is the frequency of vibration of some mode, φ is the angle of incidence, Im( ) [37] Brauer et al. [38] assigned that combination to CCC asymmetric stretching and CCO bending.
Results and discussion
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For 2,4-DNT and TNT, the prominent signal located at 1343 cm −1 was used. This signal was assigned to 181 C-NO 2 vibration coupled to C-N stretching[39-41] ( Fig.2b and 2c ). This band was used for monitoring 182 the kinetic behavior of the nitroaromatic compounds. The range used to calculate the areas was 183 1324-1372 cm −1 . A p for a characteristic MIR region has an exponential decay. Thus, a fit to a natural 184 logarithm function in terms of ln (A-A ∞ ) vs. time was applied to determine the sublimation constants 185 (k) for TATP, 2,4-DNT, and TNT from the slopes (see Supplementary Material ). Fig.2d and subsequent subtraction of this value from the spectrum. Then, the sum of the squared intensities 202 is calculated, and the spectrum is divided by the square root of this sum. This method is used to 203 account for differences in samples thickness [57] . Cross validations were performed, and the root mean vectors for the spectroscopic data, and the significance of the statistics was at the level of p = 0.0001.
209
The limit of detection (LOD) was calculated according to where ∆(α,β,g) is a statistical 210 parameter that takes into account the α p and β p probabilities of falsely stating for the g free degree, 211 and the leverage, h • , quantifies the distance of the predicted sample at zero concentration level to the 212 mean of the calibration set. Fig.3 shows the PLS model derived from the data and the ideal model (y = 213 x).
The value obtained for the LOD with the PLS model was 22 ng/cm 2 . A second model using 215 classical least squares (CLS) regression (or linear regression) was used for comparison. The results are 216 shown in Fig.3 where the peak areas at 1321 cm −1 were used for the regression. Peak areas are shown 217 on a second y-axis in Fig.3 . The correlation coefficient obtained was R 2 = 0.9896, and the LOD value 218 was 103 ng/cm 2 . This was calculated as three times the standard deviation of the intercept between 219 slopes [61, 62] . The LOD for this model is larger than the one obtained using PLS because the signal 220 at 1321 cm −1 disappears almost entirely for a surface loading of 120 ng/cm 2 (Fig.2d ). This does not 221 happen for the signal at 1594 cm −1 , but a good linear CLS model could not be obtained for this signal.
222
As shown in Fig.4 is larger than that for GAO and spatial averaging of a large area tends to decrease the noise levels obtained. This suggests that GAP may be used for measuring surface kinetic processes that require 
where ζ is k or ν s . The model described by Eq.13 was evaluated using the p-value of the model 266 and the parameters a, b, and c, and the correlation coefficient (R 2 ). A value of p < 0.0001 was found 267 for the parameter and models, indicating a high statistical significance for both TGA and GAP for 268 TATP. The model in Eq.13 was used for TATP, but when this was applied for the other explosives, the the experiment). This result indicates that the change in the heat capacity is more significant in the 272 temperature range studied for TATP than for the other explosives.
The GAP and TGA data for TATP were evaluated using a non-random residual analysis for simple 274 linear models, and a random residual for the model described with Eq.13. For the other explosives, 
In the current study, δ T is of the order of 0.001 K/T for TGA and 0.1 K/T for GAP, S b is the 284 standard deviation of b, σ yD is ∆H mean plus the standard error of the model in Eq.13 divided by 285 -R g ln(ζ), where ζ is k or ν s (see Eq.17) . σ at media temperatures (σ ∆H ) can be obtained using Eq.18.
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TPM was used to obtain the energy of interaction between the HEM and the surface. There are 287 three possible hypotheses for a substance deposited on a surface. First, if the energy of interaction 288 (∆ int U) has a value comparable to ∆ sub H or lower, then the value of ∆ des U can be approximated by the 289 sum of ∆ int U and (∆ sub H -R g T mean ). Second, if ∆ int U is zero or very small, then ∆ des U is approximately The first model for the sublimation obtained from the rate of sublimation measurements at different 295 temperatures used a ∆T of 5 • C (see Fig.5 ; label as TATP − TGA − 1; table included as part of the 296 Supplementary Materials). The rates were measured at 1 • C and 0.5 • C (see Fig.5 ). Labels used were 297 TATP − TGA − 2 and TATP − TGA − 3, respectively. The table containing these results can also be found in 298 the Supplementary Materials. The TGA experiments for TATP were performed in triplicate to prove 299 that it was not a simple linear case. The samples used came from two different syntheses, and the time difference between the two sets of experiments was six months. ∆ sub H at T mean = 37.82 • C was 301 83 ± 5 kJ/mol for the first experiment and 87 ± 3 kJ/mol and 86 ± 2 kJ/mol at T mean = 43.00 • C and 302 T mean = 37.80 • C, respectively, for the second and third experiments. The value of ∆ sub H for TATP 303 using GAP was 140 ± 14 kJ/mol at T mean = 20.9 • C. These values are different to that obtained by 304 TGA, but the ∆ sub H values obtained by TGA in the temperature range 24-27 • C (calculated by Eq.15) 305 are statistically identical to ∆ sub H obtained by GAP (see Table 3 and Supplementary Materials). This 306 suggests that the interaction between TATP and the substrate is very weak and that sublimation is the 307 main phenomenon involved. Eq.13 to 2,4-DNT, TNT, and RDX for the ∆C p values obtained by GAP and TGA.(see Table 3 ). There 318 are no significant differences statistically between the values obtained by GAP and TGA because the 319 values of ∆C p for these explosives is in the order of the experimental uncertainties, although for RDX 320 in GAP the crystalline phase is β (β-RDX) and in TGA is α (α-RDX). 
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The non-linear behavior of TATP and the high value of ∆C p can be explained by the difference in 322 the values of ∆ sub H found in the literature (see Table 4 ). For the value of ∆C p obtained from Eq.13, it 323 was necessary for both methodologies to obtain many points of temperature and use a large range 324 of temperatures. Data from the literature was used to obtain ∆C p (see Table 4 ). For experiments at 
